ABSTRACT Mass mortality of eggs and larvae of the mud crab Scylla tranquebarica occurred at a hatchery in Sabah, Malaysia in June 2014. The mortality of the larvae reached nearly 100% within 5 days post-hatching. We isolated a pathogenic Peronosporomycetes (Oomycota) from the mud crab eggs and larvae using peptone-yeast-glucose-seawater (PYGS) agar, and then randomly selected the strain IPMB 1402 from the isolates for further study. We observed the formation of fragments inside the hyphae, a characteristic of Haliphthoros species. The strain morphologically most resembled Haliphthoros milfordensis, but comparisons of DNA sequences of the ITS1 region confirmed that the strain was not identical to that species. We classified the strain into a clade with Haliphthoros sp. group 2 (comprising strains NJM 0440, NJM 0449 and NJM 0535) after determining 97-100% intraspecific similarity. Based on distinctive morphological and molecular characteristics, the strain IPMB 1402 is here assigned to the genus Haliphthoros and designated Haliphthoros sabahensis sp. nov. Like other recognized species of Haliphthoros, it is an obligate marine fungus; growth was observed in pH 4-9, and optimum growth temperature was 25-30°C. The strain was experimentally pathogenic to nauplii of the brine shrimp Artemia salina.
Mud crabs Scylla spp. are an important fisheries and aquaculture resource in Southeast Asia. Experimental rearing of mud crab larvae began in the 1960s at the Fisheries Research Institute in Penang, Malaysia (Ong, 1964) , and the mass production of crab seed has continued at the National Prawn Fry Production and Research Centre (NAPFRE) at Kedah (Tan, 1999) . However, survival of larval and juvenile mud crabs is often poor because of cannibalism (Jamari, 1992; Mirera and Moksnes, 2013) . Moreover, marine oomycete infections during the early life stages of mud crabs are another chief constraint in aquaculture systems (Hatai, 2012) . A marine oomycete infection of mud crab in Malaysia was first documented in 2014 when Lagenidium thermophilum was isolated and reported as a possible reason for failure of seed production (Lee et al., 2016) . Species of both Haliphthoros and Lagenidium have been reported to cause damage in the culture of crustaceans and molluscs (Jithendran et al., 2010; Hatai, 2012) . In recent years, seed production of the mud crab Scylla tranquebarica at a hatchery at the Universiti Malaysia Sabah did not always succeed due to mass mortality of eggs and larvae after each spawning. In June 2014, we were able to purely isolate a low fungus from the mud crab eggs and larvae. The isolated strain is here designated Haliphthoros sabahensis sp. nov., based on distinctive morphological and molecular features. Specifically, we examined morphological characteristics of the strain's vegetative growth and used DNA sequencing of its ITS1 region to infer its phylogenetic relationship to other marine crustacean-pathogenic strains. We also describe several biological characteristics of the strain and report its pathogenicity to Artemia salina.
Materials and Methods

Isolates
Eggs and larvae of the mud crab Scylla tranquebarica were collected from laboratory hatching tanks. We characterized a pathogenic fungus-like oomycete infecting the eggs and larvae by the formation of discharge tubes and fragments within the hyphae. To yield a pure culture, infected eggs and larvae were individually inoculated onto PYGS agar plates composed of 1.25 g peptone, 1.25 g yeast extract, 3 g glucose and 12 g agar, mixed with 1 L of seawater. A small amount of powdered streptomycin sulfate and ampicillin were each applied directly to the surface of the eggs and larvae to inhibit bacterial growth. The agar plates were incubated at 25°C for 5 days. An agar block cut from the edge of each fungal colony was transferred to a new PYGS agar plate to establish a pure culture. Because we deemed all isolates as having originated from the same fungus, we randomly selected the strain IPMB 1402 for further investigation.
Morphological identification
The strain IPMB 1402 was incubated in a PYGS broth, composed of 1.25 g peptone, 1.25 g yeast extract and 3 g glucose mixed with 1 L of seawater, at 25°C for 3 days. Mycelia that formed in the broth were washed three times with sterile seawater and then transferred to seawater to induce zoospore production. After 24 h, the manner of zoospore production was observed using an Olympus CKX41 inverted microscope at 100× or 200× magnification, and the fungus was identified according to the methods of Sparrow (1960) and Karling (1981) .
DNA sequencing and molecular comparison
DNA extraction from mycelia was carried out after the isolate had been inoculated in the PYGS broth and incubated at 25°C for 3 days. Mycelia that formed were collected and washed three times with phosphate-buffered saline (PBS) and kept at -85°C until use. Next, the mycelia were homogenized by Micro Smash™ (Tomy Seiko Co., Ltd.) using zirconia beads. To extract the total genomic DNA of the isolate, NucleoSpin ® Plant II (MACEREY-NAGEL GmbH & Co.) was used according to the manufacturer's instructions. The ITS region of the isolate was amplified by PCR with the primers ITS4 and ITS5 (White et al., 1990) . PCR analysis was performed using TaKaRa Ex Taq™ DNA Polymerase (Takara Bio Inc.) with the following amplification conditions: 94°C for 1 min, followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final cycle of 72°C for 5 min. The resulting amplicon was purified using a QIAquick PCR Purification Kit (QIAGEN) according to the manufacturer's instructions. The purified amplicon was sequenced using a BigDye ® Terminator v1.1 Cycle Sequencing Kit (Thermo Fisher Scientific Inc.) and an automated DNA sequencer (ABI PRISM ® 3730 DNA Analyzer: Thermo Fisher Scientific Inc.), with both procedures performed by FASMAC Co. Ltd., Japan. The sequences were assembled and edited with GENETYX ® version 11.0; sequence alignments of the ITS1 region were performed using the ClustalW program (GENETYX). Finally, we applied the resulting data to generate a phylogenetic tree using the neighborjoining method.
Effects of NaCl or KCl concentration on fungal growth
PYG agar plates composed of 0.125% peptone, 0.125% yeast extract, 0.3% glucose and 1.2% agar were prepared using distilled water containing 0, 0.5, 1, 2 and 3% NaCl or KCl. To establish a large colony, the isolate was inoculated onto PYGS agar and incubated at 25°C for 7 days. An agar block of the isolate was cut from the edge of the colony with a No. 2 cork borer (5 mm in diameter) and then inoculated onto each PYG agar plate and incubated at 25°C. The fungal growth was monitored by measuring the colony diameter after 3, 5, 7 and 10 days, and recorded as colony radius in cm.
Effects of salinity on fungal growth
PYG agar plates with different salinity conditions (0, 10, 15, 20 and 30 ppt) were prepared by adding seawater diluted with distilled water. An agar block of the isolate was cut from the edge of the colony grown on PYGS agar and then inoculated onto each PYG agar plate and incubated at 25°C for 7 days. As above, the fungal growth was checked by measuring the colony diameter after 3, 5, 7 and 10 days of incubation and recorded as colony radius in cm.
Effects of pH on fungal growth
Test-tube preparations of PYGS broth were adjusted to pH 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and 13 by adding either a 1-molar solution of NaOH or HCl while checking with a pH meter (EcoMet model P25, Istec Co. Ltd.). After PYGS broth was adjusted to each pH, 5 mL of each was placed into a 10-mL test tube and autoclaved at 121°C for 15 min; the pH of each preparation was virtually the same when measured again after autoclaving. An agar block was cut from the edge of the colony and inoculated into each test tube of broth. The hyphal growth was observed with the naked eye after 3, 5, 7 and 10 days.
Effects of temperature on fungal growth
To establish a large colony, the strain was again incubated at 25°C for 7 days on PYGS agar. Afterwards, an agar block was cut from the edge of the colony and inoculated onto PYGS agar plates that were variously incubated at temperatures of 5, 10, 15, 20, 25, 30, 35 and 40°C. The diameter of each colony was measured on day 3, 5, 7 and 10.
Experimental infection against brine shrimp Artemia salina
The pathogenicity of the isolate was tested on Artemia salina. Newly hatched brine shrimp were rinsed two times with sterile seawater containing 500 μg/ mL streptomycin sulfate and ampicillin to reduce bacterial contamination. Meanwhile, an agar block of the isolate was incubated in PYGS broth at 25°C. After 3 days, mycelia that formed were transferred to sterile seawater to induce zoospore production. Five mL of a concentration of 1 × 10 4 zoospores/mL together with 25 mL of seawater were added to a Petri dish for experimental infection. Next, 50 individual nauplii were placed in the Petri dish containing the 30 mL of seawater preparation; another Petri dish containing 50 unchallenged A. salina served as a control. This part of the experiment was done in duplicate. Cumulative mortality was recorded as the total number of deaths in 100 A. salina used. The brine shrimps were not fed throughout the experiment. The experiment was conducted in an incubator set to 25°C. The number of dead nauplii on the bottom of the Petri dish was counted after 24 and 48 h. To confirm fungal infection, dead brine shrimps were transferred to fresh seawater for an additional 24-h incubation and thereafter examined under a microscope for the presence of hyphal growth in the body.
Results
Isolation
Larval mud crab Scylla tranquebarica, reared in a closed recirculating system, reached almost 100% mortality within 5 days post-hatching. The eggs and larvae (Figs. 1a and 1b, respectively) were highly infected with a fungus-like oomycete. Fig. 1 shows discharge tubes without vesicles, which developed on a dead egg. Fragments were formed in the hyphae without septa (aseptate) (Fig. 1b) . A pure isolation was obtained by culturing single colonies from each inoculation on PYGS agar plates after 5 days of incubation. Lee, Hatai & Kurata sp. nov. The colonies grown on the PYGS agar were whitish yellow, rough, and had irregular edges (Fig. 1c) ; a colony incubated at 25°C for 2 weeks measured 4.6 cm in diameter. The mycelia grown in a PYGS broth were thread-like, downy and sticky (Fig. 1d) . The vegetative hyphae grown in the broth were branched, aseptate, with numerous vacuoles (Fig. 1e) , and measured 11.5-57.8 μm in width. Zoospores formed 18-24 h after the mycelia were transferred to sterile seawater. During zoospore formation, fragments formed as larger spaces in the protoplasm constricted within the hyphae. This manner of fragmentation differs from that of genus Halioticida wherein constriction occurs between smaller spaces of protoplasm. From each fragment, a zoosporangium and discharge tube developed and eventually divided into individual zoospores (Fig. 1f) . In some cases, two discharge tubes developed from one fragment. The discharge tubes were mostly straight or slightly curved, and measured 46-587 μm in length. The fragments that formed within the hyphae were variably shaped and sized, ranging from 22.4-84 μm in length and 14-28 μm in width. Zoospores were released once they had arranged themselves in a row inside the discharge tube and swam out through the opening at the distal tip. The zoospores were laterally biflagellate, subglobose, monoplanetic, and measured 4.5 μm in diameter; they encysted after swimming for several minutes to hours. Sexual reproduction of the oomycete was not observed. Holotype: The strain designated IPMB 1402 was isolated from Scylla tranquebarica mud crab eggs and larvae that were produced in a hatchery at the Universiti Malaysia Sabah, Malaysia, on 30 June 2014, by K. Hatai; the strain is preserved at the Microbiology and Fish Diseases Laboratory, Borneo Marine Research Institute, Sabah, Malaysia. 
Haliphthoros sabahensis
DNA sequencing and molecular comparison
We analyzed the nucleotide sequence containing the ITS1-5.8S-ITS2 region of rRNA gene for strain IPMB 1402. Data about the ITS1 region obtained were used to construct a phylogenic tree of marine oomycetes, including the strain IPMB 1402 (Fig. 2) GenBank under accession number LC150036.
Effects of NaCl or KCl concentration on fungal growth
The isolate grew only on PYGS agar, and no fungal growth was observed on PYG agar prepared with various concentrations of NaCl (Table 1) or KCl ( Table 2) .
Effects of salinity on fungal growth
The strain showed hyphal growth on PYG agar plates prepared with a salinity of 30 ppt (Table 3) . Although moderate fungal growth was observed at salinities of 15 and 20 ppt, no fungal growth was observed at salinities of 10 ppt and below.
Effects of pH on fungal growth
The strain grew between pH 4 and 9, at variable rates (Table 4) . Optimum growth in the PYGS broth was at pH 6, 7 and 8, while slow growth was observed at pH 4 and 9 as compared with pH 7. No hyphal growth was observed at pH 3, 10, 11, 12 and 13.
Effects of temperature on fungal growth
The optimum growth temperature was 25-30°C (Table 5) . No hyphal growth was observed at temperatures below 4°C or above 35°C.
Experimental infection against A. salina nauplii
The number of dead nauplii subjected to infection was counted and calculated as cumulative mortality (Table 6 ). Cumulative mortality was 20 and 26 nauplii at 24 and 48 h post-challenge, respectively. Aseptate 
-no growth * colony radius in cm hyphae and fragments were observed on the body of one out of 26 dead brine shrimps after an additional 24-h incubation period (Fig. 3) .
Discussion
The genus Haliphthoros was erected by Vishniac (1958) , who described the type species as an important pathogen among marine phycomycetes (lower fungi). To date, two species have been recognized in this genus: Haliphthoros milfordensis Vishniac, and H. philippinensis Hatai et al. Previously, H. milfordensis has been isolated as an endoparasite of eggs of the oyster drill Urosalpinx cinerea (Vishniac, 1958) , juvenile American lobster Homarus americanus (Fisher et al., 1975) , adult white shrimp Penaeus setiferus (Tharp and Bland, 1977) , and a few marine algae species (Fuller et al., 1964) . H. philippinensis has been isolated from jumbo tiger prawn Penaeus monodon (Hatai et al., 1980) . Members of the genus Haliphthoros are distinguishable from other marine oomycetes by their fragmentation characteristics. The present isolate, IPMB 1402, closely resembles H. milfordensis in its manner of releasing zoospores; in both, fragments are formed through constriction of the protoplasm in the hyphae (Chukanhom et al., 2003) . In the strain IPMB 1402, we observed the release of zoospores only from the discharge tubes, which is unlike H. philippinesis wherein zoospores are released from both the discharge tubes and the openings at each end of the fragments (Hatai et al., 1980) . Comparing morphological characteristics of the present isolate with H. milfordensis NJM 0131 (Chukanhom et al., 2003) , we found that fragments in the present isolate were smaller (22.4-84 μm in length × 14-28 μm in diameter) than sizes reported for the strain NJM 0131 (30-375 μm in length × 25-95 μm in diameter).
Molecular studies can make an important contribution to taxonomic classification, especially as DNA sequencing can provide diagnostic information not acquired through morphological identification (Muraosa et al., 2012) . Muraosa et al. (2012) divided the genus Haliphthoros into three clusters based on nucleotide sequences of the ITS region: H. milfordensis, Haliphthoros sp. group 1, and Haliphthoros sp. group 2. In that study, Haliphthoros sp. groups 1 and 2 were morphologically unidentified and considered as two distinct species based on a low level of interspecies similarities. In this study, the present isolate was grouped with Haliphthoros sp. group 2, comprising three other strains (namely, NJM 0440, NJM 0449 and NJM 0535). As a result of morphological and phylogenetic analyses, we propose that the strain IPMB 1402 and the other three strains are the same species, here designated Haliphthoros sabahensis sp. nov.
The strain IPMB 1402 is shown to be an obligate marine fungus as the isolate grew only on PYGS agar in salinities greater than 10 ppt. However, H. philippinensis and H. milfordensis NJM 0131 can be considered euryhaline fungi because their growth has been observed on PYG agar containing NaCl (Hatai et al., 1980; Nakamura and Hatai, 1995; Chukanhom et al., 2003) . This could indicate that fungi of the genus Haliphthoros have been highly isolated from marine crustaceans. H. philippinensis and the current strain were isolated from tiger prawn and mud crab larvae, respectively, which both inhabit high-salinity environments (Hatai et al., 1980) . Optimum growth temperature for the strain IPMB 1402 was 25-30°C, whereas H. milfordensis NJM 8977 appears to be limited to a somewhat lower temperature range of 20-25°C (Hatai et al., 1992) and H. philippinensis can tolerate temperatures as high as 36°C (Hatai et al., 1980) . The survival temperatures of fungi are believed to depend on host habitat. Notably, the present strain IPMB 1402 and H. philippinensis both tolerate relatively high temperatures, and both strains were isolated from tropical countries. Previous studies suggested that strains of Haliphthoros are able to survive in high alkaline conditions of up to pH 10 or 11 (Hatai, 1982; Chukanhom et al., 2003) . However, IPMB 1402 was able to tolerate a range of pH 4 to 9. Previous researchers have isolated other pathogenic Peronosporomycetes from various marine crustaceans, and have likewise demonstrated their pathogenicity using the brine shrimp Artemia salina (Muraosa et al., 2012) . When Overton and Bland (1981) demonstrated the pathogenicity of H. milfordensis to A. salina, they observed germination of the zoospores on the exoskeleton and aseptate hyphae in the fungal body. When we challenged A. salina with zoospores of the strain IPMB 1402 we observed similar pathogenicity, evidenced by hyphal fragments and discharge tubes on the dead nauplii. To our knowledge, this is the first report of Haliphthoros infection of a marine animal in Malaysia, where it has the obvious potential to cause significant harm in mud crab aquaculture. To date, species of Lagenidum were the only marine oomycetes reported to infect mud crab eggs and larvae in Malaysia (Lee et al., 2016) . We hope that future studies of the biology of Haliphthoros sabahensis nov. sp. will contribute to possible methods to control marine oomycete infections of cultured crustaceans.
